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RESUMO 
 
Atos violentos contra a humanidade são praticados comumente por armas de fogo de 
pequeno porte, responsáveis por infligir enormes danos e de ser a causa do aumento 
de mortes. A mandíbula na região crânio facial, tem mostrando altas incidências, com 
proximidade a áreas vitais da cabeça e do pescoço. Técnicas avançadas 
computacionais como modelo de elemento finito têm permitido aprimorar o estudo dos 
diferentes tipos de mecanismos e as caraterísticas de ferimentos crânio faciais. 
Modelos biomecânicos precisos e simulações mais reais estão ligados a uma 
adequada representação da heterogeneidade do corpo humano e à correta 
compreensão das propriedades biomecânicas, assim como as respostas de estresse 
dos diferentes órgãos e tecidos. O objetivo deste estudo foi avaliar o impacto de dois 
projéteis de diferentes calibres em duas regiões da mandíbula humana a curta 
distância, considerando a caracterização do osso cortical. O software Materialise 
MIMICS v18 foi empregado para a segmentação das estruturas anatômicas 
mineralizadas a partir das imagens tomográficas de uma mandíbula humana seca. 
Mediante o software Rhinoceros v5.0 foi possível: a) reconstruir por engenheira 
reversa a geometria dos diferentes componentes anatômicos (osso cortical, osso 
esponjoso e dentes), b) construir as geometrias tridimensionais das estruturas dos 
projeteis .380 e .40 (núcleo e camisa), c) determinar as posições, assim como as 
coordenadas das trajetórias dos projeteis até o impacto, caracterizando um disparo a 
curta distância (15cm). O software ANSYS Academic Structural v 17.2 foi usado para: 
a) construir o modelo de elementos finitos a partir das geometrias convertidas em 
malhas de elementos finitos tetraédricas, b) definir os parâmetros para a 
caracterização das propriedades mecânicas das diferentes estruturas, c) proporcionar 
estabilidade do modelo durante o impacto através da construção de blocos 
representativos do osso temporal simulando uma posição estática fixando todos os 
eixos, e d) realizar as configurações da análise, estabelecendo a velocidade do projetil 
e considerando a gravidade terrestre. Resultados: O impacto na região mentual 
apresentou diferenças na morfologia da entrada da ferida e na distribuição do 
estresse. A região do ramo mandibular apresentou resultado semelhante para o 
impacto de ambos os calibres. Conclusões: A consideração das estruturas anatômicas 
mineralizadas com suas respetivas propriedades biomecânicas no modelamento 
mandibular contribuiu a uma melhora significativa da simulação obtida. Considerando 
  
as limitações do estudo, sugere-se que o osso cortical tenha influência apenas na 
região mentual, sendo muito importante a caracterização do osso cortical na FEA do 
impacto do projétil nessa região. 
 
Palavras-Chave: Análise de elementos Finitos. Projétil. Mandíbula. Balística Forense. 
Morfologia. Osso Cortical. Ferimentos. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
ABSTRACT 
 
Violent acts against humanity are practiced commonly by hand guns, it is responsible 
for inflicting huge damage and for causing the increase of deaths. The mandible in the 
cranium facial region has high incidences, with proximity to vital areas of the head and 
neck. Advanced computational techniques as a Finite Element Model allowed to 
improve the study of different types of mechanisms and the characteristics of facial-
cranial injuries. Accurate biomechanical models and more real simulations are linked 
to a suitable representation of the heterogeneity of the human body and to the correct 
understanding of the biomechanical properties, as well as the stress responses of 
different organs and tissues. The aim of this study was to evaluate the impact of two 
regions of the human mandible at a short distance, considering the characterization of 
the cortical bone. The Materialize MIMICS v18 software was used to segment the 
mineralized anatomical structures based on tomographic images of a dry human 
mandible. Using Rhinoceros v5.0 software, it was possible to: a) reconstruct the 
geometry of the different anatomical components (cortical bone, spongy bone and 
teeth) by reverse engineer, b) build the three-dimensional geometries of the .380 and 
.40 projectile structures (core and shirt), c) determine the positions, as well as the 
coordinates of the projectiles' trajectories until impact, featuring a short distance shot 
(15cm). ANSYS Academic Structural v 17.2 software was used to a) build the finite 
element model from the geometries converted into tetrahedral finite element meshes, 
b) define the parameters for the characterization of the mechanical properties of the 
different structures, c) provide stability of the model during impact through the 
construction of representative blocks of the temporal bone simulating a static position 
fixing all axes, and d) performing the analysis settings, establishing the velocity of the 
projectile and considering the terrestrial gravity. Results: The impact on the mental 
region showed differences in the morphology of the wound entry and in the distribution 
of stress. The mandibular ramus region showed a similar result for the impact of both 
calibers. Conclusions: The consideration of mineralized anatomical structures with 
their respective biomechanical properties in mandibular modeling contributed to a 
significant improvement in the simulation obtained. Considering the limitations of the 
study, it is suggested that the cortical bone has influence only in the mental region, 
being very important the characterization of the cortical bone in the FEA of the 
projectile impact in that region. 
  
Keywords: Finite element analysis. Projectile. Mandible. Forensic Ballistics. 
Morphology. Cortical Bone. Wounds. 
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1 INTRODUÇÃO 
 
Diferentes tipos de armas são usados para praticar atos violentos contra a 
humanidade, mas no presente a maioria das mortes são provocadas por armas de 
pequeno porte. De acordo com o Escritório de Assuntos de Desarmamento das Nações 
Unidas por meio da Guia Básica de Desarmamento, publicada no 2017 se estima que 
há pelo menos no mundo 875 milhões de armas pequenas em circulação, sendo este 
tipo de armamento o mais comum, o mais usado em conflitos, o de maior escolha para 
guerras civis, terrorismo, crime organizado e guerra  entre facções, com uma ampla 
disponibilidade e dificilmente regulado, o que o faz responsável de infligir enormes 
danos e de ser o causante de 535.000 pessoas mortas a cada ano [1]. 
No Brasil segundo informações do Atlas da violência 2018, entre os anos 
2006 - 2016 os homicídios cresceram em 13,9%, em que 553 mil pessoas perderam a 
vida devido a fatos violentos, já no ano 2016, uma taxa de 30,3% de mortes violentas 
por cada 100 mil habitantes foi revelado, com um total de 62.517 homicídios. Entre os 
anos 1980 e 2016 o crescimento dos homicídios foi atribuído as armas de fogo, com 
40% no começo da década de 1980 aumentando continuamente até 71,1% no 2003 
mantendo-se estável até o 2016, período em que cerca de 910 mil pessoas perderam 
a vida a causa de lesão por arma de fogo [2]. Este crescimento da vitimização por arma 
de fogo requer maiores esforços para adquirir conhecimentos na identificação deste 
tipo de ferimento. 
A balística adquiriu grande relevância devido à violência armada vivida nos 
últimos tempos. Em 2016, Humphrey & Kumaratilake abrangem 103 estudos em 
balística fazendo uma ampla revisão da ação dos projeteis desde a saída do cano da 
arma até atingir o seu alvo, com o fim de entender adequadamente os mecanismos do 
ferimento produzidos por estes e a resposta nos tecidos vivos. Sendo especificadas as 
diferentes etapas da balística, a classificação dos diferentes tipos de armas e suas 
munições, fazendo uma clara diferenciação dos mecanismos do ferimento, os quais 
dependem das propriedades biomecânicas do tecido e do projetil, esclarecendo assim 
os fatores determinantes da extensão do dano numa ferida [3]. 
Considerando o caráter lesivo/fatal dos ferimentos por arma de fogo na 
cabeça, este tem sido amplamente conhecidos como execuções [4]. Mundialmente a 
cabeça tem se mostrado como um alvo comum na escolha para cessar a vida [5–9], 
não sendo diferente no Brasil, [10–14] incluindo diferentes regiões anatômicas como 
frontal, temporal, parietal e occipital [14–17]. A mandíbula na região crânio facial, tem 
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mostrando altas incidências como consequência da sua inerente exposição e que 
costumam ser letais pela proximidade a áreas vitais da cabeça e do pescoço [18–20]. 
Fato que demonstra a necessidade de estudos balísticos específicos que proporcionem 
caraterísticas detalhadas dos ferimentos crânio faciais. 
Estudos balísticos na região crânio facial ou aplicáveis ao mesmo têm sido 
realizados, tendo como foco elucidar os mecanismos de ferimento e suas caraterísticas. 
Propriedades dos projeteis como a velocidade, massa, forma e construção [21, 22], 
assim como as propriedades dos tecidos afetados sendo sua densidade óssea, a 
elasticidade dos tecidos moles, refletem-se na tipologia dos ferimentos [23–26], e que 
estes por sua vez são influenciados pelas caraterísticas do disparo segundo a distância, 
o ângulo e a existência de um alvo intermediário [3, 4, 17, 19, 21, 27–31]. Diferentes 
meios têm sido utilizados para tais descobertas, sendo estes realizados em casos de 
necropsia [21, 23, 27–30], animais [26], em porções de pele humana [31], técnicas 
avançadas computacionais como modelo de elemento finito [15, 17, 19, 32]. 
As caraterísticas destes ferimentos crânio faciais e as relações com os 
mecanismos que os produzem tem sido objeto de estudo. Tais como: medições 
macroscópicas de ferimentos de entrada no crânio com o fim de estimar o calibre do 
projetil que o produz [23, 27]; estudar a morfologia de um ferimento a partir da 
reprodução laboratorial de uma lesão balística em um modelo artificial [33, 34]; 
comparações do tamanho dos ferimentos de entrada e saída para sua caraterização e 
diferenciação [29] analise do ferimento de entrada correlacionado com a direção do 
bisel e a trajetória do projetil [30], igualmente realizada no ferimento de saída [28]; 
descrições detalhadas de ferimentos de casos conhecidos com o fim de entender suas 
caraterísticas e assim possibilitar a interpretação da distância, velocidade, direção e, as 
vezes, o tamanho do calibre [21]; e descrição da relação entre as caraterísticas 
morfológicas das lesões e a velocidade do projetil [22]. 
Os avanços na tecnologia têm permitido aprimorar o estudo dos diferentes 
tipos de mecanismos e as caraterísticas de ferimentos sobre o crânio. Mediante o uso 
da análise microscópica do trauma, através da microscopia eletrônica de varredura, 
pode-se indicar a direção do deslocamento de um projetil e determinar o ferimento de 
entrada / saída quando macroscopicamente não é possível [26]. Analises biomecânicas 
têm sido amplamente utilizadas no mecanismo de ferimento craniofacial por meio de 
modelo de elemento finito em que são realizadas simulações computacionais de 
diversas situações de disparo, diferentes projeteis e modelos anatômicos [15, 17, 19, 
35]. 
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Modelos de elementos finitos que representem corretamente o corpo 
humano e sua heterogeneidade são necessários, sendo indispensável a correta 
compreensão nas propriedades biomecânicas e as respostas de estresse dos 
diferentes órgãos e tecidos [3]. Trabalhos feitos com elementos finitos têm considerado 
as estruturas anatômicas de uma forma uniforme sem a distinção entre elas (osso 
cortical, esponjoso e dente) [15, 17, 19, 35, 36] as quais tem propriedades mecânicas 
diferentes, assim como a consideração do osso ser isotrópico quando esta caraterística 
não é apropriada para o mesmo.   
O osso cortical é denso, homogêneo e anisotrópico, mostrando-se mais forte 
no seu eixo longitudinal do que na tangencial [37], Costa et al 2017 faz uma revisão dos 
diferentes estudos que tem empregado está técnica de modelos finitos, identificando 
30 destes e avaliando criticamente 14, em que o osso é considerado como isotrópico 
em 7 deles e ortotrópico apenas em 1 [32]. As propriedades mecânicas do osso cortical 
são fortemente influenciadas por suas características morfológicas, considerando a 
espessura, densidade e grau de anisotropia [22]. Uma adequada representação óssea 
se pode traduzir a modelos biomecânicos precisos e simulações mais reais. 
A falta de recursos científicos que auxiliem na descoberta de provas para o 
esclarecimento de crimes é um obstáculo para a adequada administração da justiça. 
Análise de elemento finito pode ser uma ferramenta promissora para avaliar a 
consequência de um dado cenário de ferimento por arma de fogo e para futuros estudos 
balísticos [32]. Dessa maneira, são necessárias variações sistemáticas que permitam 
reproduzir diversas situações contendo diferentes tipos de projeteis e áreas de impacto 
especificas na região crânio facial e que estejam acorde com ferimentos reais.     
A proposta deste estudo é proporcionar elementos que ajudem na análise e 
no entendimento da dinâmica que envolvem os mecanismos de lesões causadas por 
projeteis quando disparados na região craniofacial, especificamente na mandíbula, 
possibilitando o levantamento de critérios de destruição do tecido ósseo e sua 
morfologia.  
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2 ARTIGO 
2.1 Artigo: Influence of the Cortical Bone Characterization in Computer Simulation of Short-
Range Shots in Two Regions on the Human Mandible* 
 
*O artigo foi submetido para apreciação no periódico internacional:  JFS – Journal of 
Forensic Sciences (ANEXO 3)  
 
ABSTRACT 
Violent acts against humanity are commonly practiced by handguns firearms. In the cranium 
facial region, mandible has high incidences and has the proximity to vital areas of head and neck. Finite 
element model is one of the advanced computational techniques which have allowed us to improve the 
study of facial cranial injuries, its different types of mechanisms and characteristics. Accurate 
biomechanical models and more realistic simulations are linked to an adequate representation of the 
heterogeneity of the human body and to the correct understanding of the biomechanical properties, as 
well as the stress responses of different organs and tissues. The aim of this study was to avaluate the 
impact of two caliber projectile in two regions of the human mandible at a short distance, considering the 
characterization of the cortical bone. The Materialize MIMICS v18 software was used to segment the 
mineralized anatomical structures based on computed tomography images of a dry human mandible. 
Using the Rhinoceros v5.0 software, it was possible to: reconstruct the geometry of the different 
anatomical components by reverse engineer, construct the three-dimensional geometries of the .380 and 
.40 projectiles and determine the positions and coordinates of the projectile trajectories until impact (15 
cm shot). ANSYS Academic Structural v 17.2 software was used to build the finite element model, define 
the parameter for the characterization of the mechanical properties of the diferent structures, provide 
stability of the model during impact and perform the analysis settings. Results: The impact on the mental 
region presented differences in the morphology of wound entrance and the stress distribution. The region 
of mandibular ramus presented a similar result for both calibers impact. Conclusions: Considering the 
limitations of the study, it is suggested the cortical bone has influence only in the mental region, being 
very important the characterization of cortical bone in FEA of projectile impact on this region. 
 
KEYWORDS: Finite Elements Analysis. Projectile. Mandible. Forensic Ballistic. Morphology. 
Cortical Bone, Wounds. 
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INTRODUCTION 
Although different types of weapons are used to practice violent acts against humanity, 
handguns firearms cause most deaths nowadays. According to the 2017 Basic Guide of Disarmament, 
it is estimated that 875 million handguns are circulating around the world; therefore, it is considered the 
most common type of weapon. Being predominantly used in conflicts, civil wars, terrorism, organized 
crime and war between factions, handguns are widely available and are difficult to regulate, making it 
responsible for inflicting enormous damage and causing 535,000 people killed each year (1). 
In Brazil, according to the 2018 Atlas of Violence, between 2006 and 2016 homicides increased 
by 13.9%, in which 553 thousand people lost their lives due to intentional violent events. In 2016, a rate 
of 30,3% of intentional deaths per 100,000 inhabitants was exposed, totalizing 62,517 homicides. 
Between 1980 and 2016, the growth in homicides was attributed to firearms, a period in which around 
910 thousand people have lost their lives (2). This increase in victimization by firearms requires greater 
efforts to acquire knowledge in identifying this type of injury. 
Considering the harmful / fatal character of gunshot wounds to the head, it has been widely 
known as executions (3). The head has shown itself as a common target when it comes to end life all 
over the world (4–8), as well as in Brazil (9–13). There are different anatomical regions in the head such 
as frontal, temporal, parietal and occipital that may be used as a target (13–16). In the craniofacial 
region, mandible has shown high incidences of gunshot wounds as a consequence of its inherent 
exposure. Moreover, these wounds are usually lethal due to the proximity to vital areas such as head 
and neck (17–19). This fact demonstrates the demand for specific ballistic studies that provide detailed 
features of facial cranial injuries. 
Advances in technology have allowed us to improve the study of different types of mechanisms 
and characteristics of skull injuries. Biomechanical analysis has been widely used in the 
mechanism of craniofacial injury as a result of finite element model. Finite element analysis is used to 
perform computer simulations of different shooting situations, different projectiles and anatomical 
models (14,16,18,20). 
Finite element models that represent the human body and its heterogeneity are necessary. It is 
essential a complete understanding of the biomechanical properties and stress responses of different 
organs and tissues (21). Researches on finite elements have considered different anatomical structures 
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as one uniform structure, not distinguishing between them (cortical, spongy bone and tooth) 
(14,16,18,20,22) which have different mechanical properties. Moreover, it considers the bone as 
isotropic when this feature is not suitable.  
The cortical bone is dense, homogeneous and anisotropic, showing to be stronger in its 
longitudinal axis than in the tangential axis  (23), Costa et al in 2017 reviews different studies, which 
have employed this finite model technique, identifying 30 of these and critically evaluating 14. The bone 
is considered as isotropic in 7 of them and orthotropic only in 1 (24). An adequate bone representation 
can lead to precise biomechanical models and simulations that are more realistic. The mechanical 
properties of cortical bone are strongly influenced by its morphological features considering the 
thickness, density and degree of anisotropy (22). 
The lack of scientific resources to identify new evidences in order to clarify crimes is an obstacle 
to the accurate administration of justice. Finit element analysis can be a promising tool to assess the 
consequences of a gunshots injury scenario and for future ballistic studies (24). Hence, systematic 
variations are necessary to allow reproducing different situations containing different types of projectiles 
and specific impact areas in the craniofacial region, which must be consistent with real injuries. 
The cortical bone in the human mandible has importance to figure out its biomechanics in the 
different situations involving the force dissipation from a mechanical stimulation (22). Thus, to figure out 
the biomechanical behaviour of the mandibular cortical bone from impact of projectiles, the purpose of 
this study was to evaluate the impact of different projectile calibers in 2 regions of human mandible at a 
short distance, considering the different cortical bone thickness.  
 
MATERIAL AND METHODS   
The Committee of Research Ethics of the University of Campinas Approved this research 
(Protocol number:66180717.5.0000.5418). 
The computer simulation was performed on a Supermicro Workstation, Intel Xeon® E5-2630 v3 
processor, 32GB of RAM and NVIDIA QUADRO® K2200 4GB graphics card, belonging to the 
Mechanobiology Research Laboratory at FOP-UNICAMP.  This study established a simulation of a short 
distance impact of a .380 and .40 caliber projectile fully jacketed in 2 regions in human mandible. The 
cortical bone structure of the mandible was modelled according it real bone thickness. 
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1. Image acquisition and geometry construction 
A human mandible with complete dentition, of an adult individual with no identification was 
chosen from the Laboratory of Anatomy of the School of Dentistry of Piracicaba – UNICAMP. The 
selected mandible showed absence of bone and dental pathologies and a totally preserved anatomical 
structure. 
The three-dimensional geometry of the mandible, involving the mineralized anatomical 
structures (cortical bone, spongy bone and teeth) was constructed from a computed tomography (CT) 
formed by slices equal to 0.25 mm in thickness. The anatomical structures in CT were segmented built 
on a stereolithographic three-dimensional surface (STL) using the Materialize MIMICS v18 software 
(Materialize, Leuven, Belgium). Then, using the reverse engineering method, the CAD (Computer Aided-
Design) geometries of each anatomical component were built using Rhinoceros v5.0 software (McNeel 
& Associates, Seattle, WA, USA). 
For the construction of the projectile geometries, the two-dimensional design of the projectile 
structures (core and jacket) was obtained courtesy of the Companhia Brasileira de Cartuchos (CBC, 
Ribeirão Pires, SP, Brazil). Thus, three-dimensional geometries were built using Rhinoceros v5.0 
software (McNeel & Associates, Seattle, WA, USA), whose construction pattern was used according to 
previous studies from our Laboratory (16,18,20). In the same software, the positions, as well as the 
coordinates of the projectiles' trajectories until impact, were determined (Figure 1), considering a short 
distance shot at 15 cm (18). The projectiles were positioned to simulate a frontal impact on the mental 
region (chin) and an impact on the mandibular ramus.   
 
2. Construction of the finite element model and analysis configurations 
The geometries were imported into the ANSYS Academic Structural v 17.2 software (ANSYS 
Inc., Canonsburg, PA, USA) to perform the FEA. Initially, the geometries were converted into tetrahedral 
finite element meshes (Figure 1), with a total of 323237 elements and 71143 nodes and quality level q 
= 0.8 ± 0.1 (considering values from 0 to 1). 
All the structures composing the system were characterized according to the mechanical 
properties (Tables 1). In addition, for model stability during impact, the mandibular fossa was 
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represented by geometric subtraction in blocks representative of the temporal bone (18), which were 
characterized as compact bone. 
 
Figure 1. Finite element analyses scheme presenting the finite element models composed by a 
tetrahedral mesh, the positions of the calibers, the directions and the velocity (indicated by the blue 
arrows). 
 
 
Table 1. Material properties of all components in the analyses.  
Properties Projectiles Cortical Bone² 
Cancellous 
bone² Tooth³ 
 
Jacket 
(Cu) 
            Core 
Pb (99%) / Sb (1%) 
 
 
Elastic modulus * 115 14 13.7 1.37 19.92 
Shear modulus * 46 8,6 5.26 0.52 7.6 
Poisson ratio 0.3 0.38 0.3 0.3 0.3 
1
 Matweb Database  (25)  
2
 Dalstra et al., 2004 (26) 
3 Tanne et al., 1998  (27) 
 
 
The initial kinematic conditions were established according to the manufacturer's data, an initial 
speed of 288 and 300 m/s were considered for the .380 and .40 calibers, respectively, simulating the 
exit speed after firing. The presence of standard terrestrial gravity was also considered, with acceleration 
equal to 9.8 m/s². 
The external faces of the representative blocks of temporal bone were fixed on all axes in order 
to simulate the static position of the temporal bone at the moment of impact. The 2 regions of impact 
were selected on the mental region (buccal side) and on the mandibular ramus (laterally) (figure 1). 
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3. Analysis of results 
For this study, the external morphology of entrance wound was evaluated. For the morphology 
comparison, the shape and the total area were considered. Furthermore, the Equivalent von-Mises 
stress distributed around the impact zone was calculated. 
 
RESULTS 
The impact on the mental region resulted in an irregular shape of entrance wound in both 
calibers impact simulation (Figure 2). The .380 caliber presented a rounded shape with lateral 
projections on both sides and the .40 caliber presented a rounded shape associated a lateral projection 
in the right side. The total area of wound entrance in the .380 and .40 caliber simulations were 2282 and 
2909 mm², respectively.  
 
Figure 2.. Morphology comparison of the calibers in the mental region. Note the projections on both 
sides in the .380 caliber and on the right side on the .40 caliber. 
 
The equivalent von-Mises stress showed higher stress magnitude in .380 caliber than .40 caliber 
simulation, ranging 9.47 – 52.5 MPa for .380 and 6.72 – 32.2 MPa for .40. In a general evaluation, the 
stress distribution presented a more concentrated stress in the mandibular body in .380 simulation. The 
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.40 simulation presented a stress distribution on all regions of the mandible. The maximum value of 
stress located in the projectile in both analyses (Figure 3). 
 
Figure 3. Equivalent von-Mises stress distribution in the .380 and .40 impact on the mental region.   
 
The region of mandibular ramus presented irregular shape in both simulations. Different than 
the mental region, the morphology of wound entrances in this region were not related to any specific 
shape. The total areas of .380 and .40 calibers were 3069 and 3190 mm², respectively. In this region 
the areas did not presented significant difference (Figure 4). 
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Figure 4. Morphology comparison of the calibers in the region of mandibular ramus. 
 
The equivalent von-Mises stress distribution presented a similar stress concentration in the 
mandibular ramus region, ranging 3.83 – 22.1 MPa in the .380 simulation and 3.06 – 25.8 MPa in the 
.40 simulation (Figure 5). 
 
 
Figure 5. Equivalent von-Mises stress distribution in the .380 and .40 impact on the ramus region.  
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DISCUSSION 
The human body is not a homogeneous target; the severity of an injury is linked to the damaged 
body part and the biomechanical properties of the affected anatomical tissues. Properties such as 
density, viscosity, elasticity, as well as intensity and internal cohesion are determinants in the magnitude 
of the wound induced by a projectile (21,28,29). In this study, it was considered different biomechanical 
properties of the mineralized anatomical structures (cortical bone, spongy bone and teeth) to generate 
a heterogeneous mandibular modelling. As results, it was obtained a more accurate anatomical 
representation and simulations that are more reliable. 
The proper representation of finite element models is directly related to a correct understanding 
of the biomechanical properties of tissues and their stress responses (21). The cortical bone is 
characterized by anisotropic behaviour, in which its longitudinal axis is stronger than its tangential (23). 
Regional anatomical variability is directly linked to more precise mechanical models. The human 
mandible has shown unique regional variations, in the direction of máximum stiffness, cortical thickness, 
cortical density and elastic properties. Significant mandibular variations in cortical thickness between 
the anterior region with 3.7 mm and the posterior region with 1.4 mm were found [22]. In this study, the 
impact of .380 and .40 calibers behaved differently according to the region affected and taking into 
account the different cortical bone thicknesses, in the region of the mandibular ramus it presented similar 
results for both calibers, while in the mental region it presented differences in morphology wound entry 
and stress distribution. The results suggest that the mandible ramus shows no influence of the cortical 
bone on the results and on the mental region the results were similar, however the thickness in this 
region caused the .380 to lose more energy, showing to have influence.  
Besides gunshot wounds commonly have round or enlarged shapes when fired at a 
perpendicular angle (18,20), the results presented a rounded aspect morphology of the entry wounds 
for mental region  and  irregular rounded aspect morphology of the entry wound for ramus region It was 
also observed, approaching what has been reported in the literature.  
The von-Mises tension was mainly concentrated in the impact region according to the simulation 
performed as the mental region as the ramus region with isotropic cortical bone. In the mental region 
was noticed a propagation in the mandibular body followed by the condyle neck, those results are similar 
to the founds of Chen et al., 2010 (30). 
  
 
28 
 
 
 
The destruction power of a projectile can be measured according to the amount of energy 
transferred to the bone at the moment of impact (30). The mechanical properties of cortical bone are 
strongly influenced by its morphological features considering the thickness, density and degree of 
anisotropy (22). This research shows that the rate of energy loss for the .380 projectile fired at 15 cm in 
the mental region was approximately 40% when compared with the ramus region. To the .40 projectile 
the rate of energy loss was 19.8%. The .380 and .40 projectile showed less destructive power in the 
ramus region, which could be attributed to anatomical and / or morphological differences, related to the 
thickness of the cortical bone.  
Due to advances in engineering modeling techniques, it is possible to perform the 
biomechanical quantification of a lesion using finite elements (24). However, in the ballistics field, this 
quantification may not be reflecting the reality, since computer simulations performed in the facialcranial 
region are often performed in the absence of soft tissues (14,16,20,30,31), or only in the presence of 
the brain (32–35), disregarding the influence of the muscles, the skin on the face or the scalp in the 
cranial vault, which could modify morphology or size of the wound. Possible interferences and / or 
consequences were observed in the simulations due to the lack of tissues (brain, meninges and external 
skin) (20,30,31). In 2003, Mota et al. found discrepancies between simulations made by them and 
forensic data, which were attributed to the absence of these tissues (31). Soft tissue simulations may 
be the next challenge to achieve results even closer to reality. 
The accurate representation of human tissues on simulators depends on numerical validations 
that establish a finite element model for each tissue. These validations can be obtained from in vivo and 
in vitro experiments, either in literature or in purposely-designed laboratory studies (36). Validations of 
these finite element models face their main challenge in the ethical component (24), once it is not 
allowed to carry out experimental practices involving human parts and firearms in Brazil. 
 
CONCLUSION 
The cortical bone characterization in the analyses presented a small difference in the frontal 
impact in the mental region considering the morphology and the stress distribution. In the region of 
mandibular ramus, the simulations presented similar results, although small difference in the 
morphology was observed. Considering the limitations of the study, it is suggested the cortical bone has 
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influence only in the mental region, being very important the characterization of cortical bone in FEA of 
bullet impact on this region. 
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3 CONCLUSÃO 
 
• Foram feitas melhoras significativas no modelamento da mandíbula 
devido a consideração das estruturas anatômicas mineralizadas (osso cortical, osso 
esponjoso e dentes) com suas respetivas propriedades biomecânicas. 
• Considerando as limitações do estudo, sugere-se que o osso cortical 
tenha influência apenas na região mentual, sendo muito importante a caracterização 
do osso cortical na FEA do impacto da bala nessa região. 
• Este estudo proporcionou elementos que ajudam na análise e no 
entendimento da dinâmica que envolvem os mecanismos de lesões causadas por 
projeteis quando disparados na região craniofacial, especificamente na mandíbula, 
possibilitando o levantamento de critérios de destruição do tecido ósseo e sua 
morfologia. 
 
 
 
 
34 
 
* De acordo com as normas da UNICAMP/FOP, baseadas na padronização do 
International Committee of Medical Journal Editors – Vancouver Group. Abreviatura 
dos periódicos em conformidade com o Pubmed. 
REFERÊNCIAS *  
1.  Gillis M. Disarmament A Basic Guide [Internet]. Fourth Edi. Publication Un, editor. 
New York: Office for Disarmament Affairs; 2017. 173 p. Available from: 
https://s3.amazonaws.com/unoda-web/wp-content/uploads/2017/09/Basic-Guide-4th-
Edition-web1.pdf 
2. Daniel Cerqueira, Renato Sergio de Lima, Samira Bueno, Cristina Neme, Helder 
Ferreira, Danilo Coelho, Paloma Palmieri Alves, Marina Pinheiro, Roberta Astolfi, 
David Marques, Milena Reis FM. Atlas da Violência 2018 Ipea e FBSP [Internet]. Rio 
de Janeiro; 2018. 93 p. Available from: http://www.forumseguranca.org.br/wp-
content/uploads/2018/06/FBSP_Atlas_da_Violencia_2018_Relatorio.pdf 
3. Humphrey C, Kumaratilake J. Ballistics and anatomical modelling – A review. Leg 
Med [Internet]. Elsevier Ireland Ltd; 2016;23:21–9. Available from: 
http://dx.doi.org/10.1016/j.legalmed.2016.09.002 
4. Kimmerle EH, José Pablo Baraybar. Trauma Esquelético: Identificação de Lesões 
Ocasionadas por Violações aos Direitos Humanos e Conflitos Armados. E.Unifesp, 
editor. São Paulo; 2017. 399 p.  
5. Goren S, Subasi M, Tirasci Y, Kemaloglu S. Firearm-Related Mortality: A Review of 
Four Hundred-Forty Four Deaths in Diyarbakir, Turkey between 1996 and 2001. 
Tohoku J Exp Med [Internet]. 2003;201(3):139–45. Available from: 
http://joi.jlc.jst.go.jp/JST.JSTAGE/tjem/201.139?from=CrossRef 
6. Lichte P, Oberbeck R, Binnebösel M, Wildenauer R, Pape H-C, Kobbe P. A civilian 
perspective on ballistic trauma and gunshot injuries. Scand J Trauma Resusc Emerg 
Med [Internet]. 2010 Jun 17; 18:35. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/20565804 
7. Seleye-Fubara D, Etebu EN. Pathology of death from severe head injuries in Rivers 
State: a study of sixty eight consecutive cases in five years. Niger J Med [Internet]. 
2011;20(4):470–4. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22288326 
8. Papadopoulos IN, Kanakaris NK, Danias N, Sabanis D, Konstantudakis G, 
Christodoulou S, et al. A structured autopsy-based audit of 370 firearm fatalities: 
35 
 
* De acordo com as normas da UNICAMP/FOP, baseadas na padronização do 
International Committee of Medical Journal Editors – Vancouver Group. Abreviatura 
dos periódicos em conformidade com o Pubmed. 
Contribution to inform policy decisions and the probability of the injured arriving alive 
at a hospital and receiving definitive care. Accid Anal Prev [Internet]. 2013 Jan; 
50:667–77. Available from: 
http://linkinghub.elsevier.com/retrieve/pii/S0001457512002424 
9. Alvis-Miranda HR, Adie Villafañe R, Rojas A, Alcala-Cerra G, Moscote-Salazar LR. 
Management of Craniocerebral Gunshot Injuries: A Review. Korean J Neurotrauma 
[Internet]. 2015;11(2):35. Available from: 
https://synapse.koreamed.org/DOIx.php?id=10.13004/kjnt.2015.11.2.35 
10. Arbenz GO. Medicina Legal e Antropologia Forense. Livraria A. São Paulo, Brazil; 
1998. 562 p.  
11. Freitas Pep BA. Lesões craniencefálicas por projétil de arma de fogo – fatores de 
avaliação da mortalidade. J Bras Neurocir. 2000;11(3):89–105.  
12. Martins RS, Siqueira MG, Santos MTS, Zanon-Collange N, Moraes OJS. 
Prognostic factors and treatment of penetrating gunshot wounds to the head. Surg 
Neurol. 2003;60(2):98–104.  
13. Gawryszewski VP, Kahn T, Mello Jorge MHP de. Informações sobre homicídios e 
sua integração com o setor saúde e segurança pública. Rev Saude Publica [Internet]. 
2005 Aug;39(4):627–33. Available from: 
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0034-
89102005000400017&lng=pt&tlng=pt 
14. Souza RB de. Traumatismo Crânio encefálico por projétil de arma de fogo: 
experiência de 16 anos do serviço de neurocirurgia da santa casa de São Paulo. Rev 
Col Bras Cir. 2013;40(4):300–4.  
15. Lopez YAQ. Simulação dinâmica de projéteis disparados contra a região occipital 
do crânio humano – análise de elemento finitos Dynamic simulation of bullets fired at 
the occipital region of the human skull : finite element analysis [Internet]. Piracicaba; 
2016. 41 p. Available from: 
http://repositorio.unicamp.br/bitstream/REPOSIP/304960/1/LopezQuintero_YuliAndre
a_M.pdf 
36 
 
* De acordo com as normas da UNICAMP/FOP, baseadas na padronização do 
International Committee of Medical Journal Editors – Vancouver Group. Abreviatura 
dos periódicos em conformidade com o Pubmed. 
16. Ran Y, Yagudaev M, Kosashvili Y, Yegorov Y, Ganor O, Ash N, et al. Anatomic 
distribution of bullet head injuries in combat fatalities. J Trauma [Internet]. 2010 
Sep;69(3):541–3. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20838124 
17. Rodrigues LL, Costa ST, Rossi AC, Daruge Júnior E, Prado FB, Freire AR. 
Computational simulation of projectile injuries to human parietal bone using finite 
element analysis. Aust J Forensic Sci [Internet]. Taylor & Francis; 2017; 0618:1–9. 
Available from: http://doi.org/10.1080/00450618.2017.1416173 
18. Lima T, espicalsky dec. lesões craniofaciais por projéteis de arma de fogo: 
craniofacial injuries by firearms projectiles: lesões craniofaciais por projéteis de arma 
de craniofacial injuries by firearms projectiles: piracicaba. piracicaba; 2018.  
19. Costa ST, Freire AR, Matoso RI, Daruge Júnior E, Rossi AC, Prado FB. 
Computational Approach to Identify Different Injuries by Firearms. J Forensic Sci. 
2017;62(2):361–8.  
20. Tang Z, Tu W, Zhang G, Chen Y, Lei T, Tan Y. Dynamic simulation and preliminary 
finite element analysis of gunshot wounds to the human mandible. Injury [Internet]. 
2012 May;43(5):660–5. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/21496816 
21. Quatrehomme G, Işcan MY. Characteristics of gunshot wounds in the skull. J 
Forensic Sci [Internet]. 1999 May;44(3):568–76. Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/10408112 
22. Dubrovin IA, Dubrovina IA, Pigolkin II. [Morphological features of gunshot injuries 
of the cranial bones]. Sud Med Ekspert [Internet]. 2005;48(3):9–11. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/16078539 
23. Ross AH. Caliber estimation from cranial entrance defect measurements. J 
Forensic Sci [Internet]. 1996 Jul; 41(4): 629–33. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/8754573 
24. Mota A, Klug WS, Ortiz M, Pandolfi A. Finite-element simulation of firearm injury to 
the human cranium. Comput Mech [Internet]. 2003 May 1;31(1–2):115–21. Available 
from: http://link.springer.com/10.1007/s00466-002-0398-8 
37 
 
* De acordo com as normas da UNICAMP/FOP, baseadas na padronização do 
International Committee of Medical Journal Editors – Vancouver Group. Abreviatura 
dos periódicos em conformidade com o Pubmed. 
25. Hanna TN, Shuaib W, Han T, Mehta A, Khosa F. Firearms, bullets, and wound 
ballistics: An imaging primer. Injury [Internet]. Elsevier Ltd; 2015;46(7):1186–96. 
Available from: http://dx.doi.org/10.1016/j.injury.2015.01.034 
26. Rickman JM, Smith MJ. Scanning electron microscope analysis of gunshot defects 
to bone: An underutilized source of information on ballistic trauma. J Forensic Sci. 
2014;59(6):1473–86.  
27. Berryman HE, Smith OC, Symes SA. Diameter of cranial gunshot wounds as a 
function of bullet caliber. J Forensic Sci [Internet]. 1995 Sep;40(5):751–4. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/7595316 
28. Quatrehomme G, Işcan MY. Bevelling in exit gunshot wounds in bones. Forensic 
Sci Int [Internet]. 1997 Sep 19;89(1–2):93–101. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/9306668 
29. Quatrehomme G, I̊şcan MY. Gunshot wounds to the skull: Comparison of entries 
and exits. Forensic Sci Int. 1998;94(1–2):141–6.  
30. Quatrehomme G, I̊şcan MY. Analysis of beveling in gunshot entrance wounds. 
Forensic Sci Int. 1998;93(1):45–60.  
31. Cecchetto G, Giraudo C, Amagliani A, Viel G, Fais P, Cavarzeran F, et al. 
Estimation of the firing distance through micro-CT analysis of gunshot wounds. Int J 
Legal Med [Internet]. 2011 Mar;125(2):245–51. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/21120514 
32. Costa ST, Freire AR, Rossi AC, Daruge Júnior E, Prado FB. Systematic review of 
finite element analysis utilisation in craniofacial gunshot wounds. Aust J Forensic Sci 
[Internet]. Taylor & Francis; 2017;49(4):369–78. Available from: 
http://dx.doi.org/10.1080/00450618.2016.1188984 
33. Thali MJ, Kneubuehl BP, Zollinger U, Dirnhofer R. The “Skin-skull-brain model”: A 
new instrument for the study of gunshot effects. Forensic Sci Int. 2002;125(2–3):178–
89.  
38 
 
* De acordo com as normas da UNICAMP/FOP, baseadas na padronização do 
International Committee of Medical Journal Editors – Vancouver Group. Abreviatura 
dos periódicos em conformidade com o Pubmed. 
34. Thali MJ, Kneubuehl BP, Zollinger U, Dirnhofer R. A study of the morphology of 
gunshot entrance wounds, in connection with their dynamic creation, utilizing the “skin-
skull-brain model.” Forensic Sci Int. 2002;125(2–3):190–4.  
35. Matoso RI, Freire AR, Santos LS de M, Daruge Junior E, Rossi AC, Prado FB. 
Comparison of gunshot entrance morphologies caused by .40-caliber Smith & 
Wesson, .380-caliber, and 9-mm Luger bullets: a finite element analysis study. PLoS 
One [Internet]. 2014;9(10):e111192. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/25343337 
36. Schwartz-Dabney CL, Dechow PC. Variations in cortical material properties 
throughout the human dentate mandible. Am J Phys Anthropol. 2003;120(3):252–77.  
37. Cordey J. Introduction: basic concepts and definitions in mechanics. Injury. 
2000;31 Suppl 2:1.  
 
39 
 
 
ANEXOS 
ANEXO 1: Verificação de originalidade e prevenção de plágio 
 
 
  
40 
 
 
ANEXO 2: Certificação do Comitê de Ética 
 
 
41 
 
 
 
42 
 
 
43 
 
 
44 
 
 
 
45 
 
 
 
46 
 
 
47 
 
 
48 
 
 
49 
 
 
50 
 
 
 
  
51 
 
 
ANEXO 3: Comprovantes de submissão 
 
 
